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Introduction
The number of people with type 2 diabetes (T2D) is increasing due to population growth, coupled with an increasing prevalence of physical inactivity and obesity. Exercise is vital in the management of T2D. [1] [2] [3] However, despite the benefits of engaging in physical activity, many individuals with T2D still lead a sedentary lifestyle, with only 34% of individuals taking some form of physical activity within a random two-week window. 4 Many individuals face barriers to exercise participation secondary to complications of their condition (eg, peripheral vascular disease, neuropathy) or other musculoskeletal and orthopaedic problems (eg, osteoarthritis). In addition, many face psychological barriers to exercise; lack of self-efficacy, feelings of tiredness, distraction by good television programmes, lack of time, fear of diabetes getting worse, poor weather and feeling depressed have all been reported as barriers to exercise in individuals with T2D. 4 It is clear that current exercise interventions are unsuitable for these individuals, and an alternative form of exercise is required.
Neuromuscular electrical stimulation (NMES) is the application of electrical stimulation to the peripheral nervous system provoking a muscle contraction. NMES has received much attention in recent years as a means of inducing exercise, resulting in significant improvements in maximal aerobic capacity, muscle strength and capacity for physical activity in both sedentary adults 5 and patients with chronic heart failure. 6 More recently, this form of NMES exercise was found to induce a cardiovascular response and to significantly increase energy expenditure in an obese population. 7 Evidence exists to suggest that NMES may be used as an alternative to conventional exercise in T2D. Early studies in healthy individuals showed that whole body glucose uptake could be substantially enhanced during and after a single bout of NMES. 8, 9 Subsequently it was shown that postprandial glucose levels could be significantly attenuated by 30 min of NMES applied to the lower limbs of patients with T2D. 10 A more recent study also showed that NMES could enhance glucose metabolism in patients with T2D. 11 The effects of NMES on insulin sensitivity has also been examined in T2D patients, with the results of this study demonstrating that insulin sensitivity can be ORIGINAL RESEARCH improved after a single session of NMES and after a week of daily training. 12 The effects of prolonged daily NMES training has also been investigated in individuals with T2D. 13 The findings of this study indicated that, while NMES can acutely increase energy expenditure, glucose uptake and cardiovascular responses in T2D, no clinical benefits were observed following 12 weeks of training.
Perceived discomfort limits the effectiveness of prolonged NMES training. We have therefore modified the traditional approach to NMES in an effort to improve comfort levels. By increasing electrode size, the current density at the skin surface can be reduced, thereby reducing discomfort while maintaining the efficacy of the electrical stimulation. 14 Our stimulation also differs from traditional NMES in that it delivers trains of pulses in unconventional pathways. Larger electrodes arranged in arrays rather than pairs permit multiple pathways for the current to flow. This form of stimulation allows greater stimulating currents to be tolerated, thus producing stronger, more comfortable muscle contractions. Therefore, the objective of this study was to investigate whether 8 weeks of training with our NMES stimulation can have a beneficial effect on aerobic fitness, muscle strength, body composition, heart rate, blood pressure as well as the blood markers of diabetes in a population of individuals with T2D.
Methods

Subjects
Thirty-nine male participants were recruited from a diabetes clinic in a local university hospital and from an advertisement in a national newspaper. Inclusion criteria were patients with T2D aged between 18 and 65 years. Only male participants were included as previous pilot testing showed that female participants with increased body fat did not tolerate the NMES parameters used in this investigation. Other exclusion criteria included the presence of any cardiovascular conditions or any other conditions which are contraindicated to NMES. Medications were not altered during the course of the study. Potential participants were assessed for their eligibility to take part in the study over the telephone. Eligible candidates gained clearance from their general practitioner/endocrinologist prior to their participation in the study. Upon the request of their doctor, participants underwent an exercise stress test.
This study was approved by the local university hospital and university research ethics committees and written informed consent was obtained from all study participants. Design This study was a repeated measures single group cohort intervention study. Measurements Experimental measures were assessed at baseline and after the intervention period. Participants arrived at the laboratory in the morning following an overnight fast, abstaining from their usual glucose-lowering medical treatment. They were instructed to avoid strenuous physical activity on the day before testing. At baseline, participants completed a food diary for the day before and were then asked to replicate their food intake the day before the follow-up testing session. The following measurements were conducted at baseline and follow-up. Venous blood markers A fasting blood sample was obtained to determine the blood markers of diabetes control: fasting plasma glucose and HbA1c. The blood sample was also analysed to determine the blood lipid profile: total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol and triglycerides. Body composition A DEXA scan (Lunar, GE Healthcare, Madison, WI, USA) was performed to determine total body mass, percentage body fat, lean body mass and android/gynoid ratio. Blood pressure and heart rate Blood pressure and resting heart rate were measured using a digital automatic blood pressure monitor (Omron Healthcare Europe BV, The Netherlands) with the participant in a seated position.
Isometric strength test
Dynamometry testing of the right quadriceps femoris was conducted on a Cybex dynamometer (Cybex Humac ® /NORM™, Model 770, Computer Sports Medicine, Stoughton, MA, USA). Participants were comfortably seated on the dynamometer chair with the hip joint at 90°. The dynamometer lever arm was attached 2-3 cm above the lateral malleolus using a strap. The chair was placed in a position so that the lateral femoral condyle was aligned with the axis of rotation of the dynamometer. The placement of the chair relative to the dynamometer for each individual was recorded to establish a standardised body position for test reproducibility. The upper leg, contralateral limb and shoulders were stabilised during testing and participants positioned their arms across their chest for the test. The testing protocol involved one set of four repetitions of isometric quadriceps contractions at 60°. Prior to the performance of the strength test, each participant performed a 3-min warm-up on a cycle ergometer (Lode BV, Medical Technology, The Netherlands). Each participant was given a practice trial of the test to familiarise themselves with the testing protocol. Visual feedback and standardised verbal encouragement were provided throughout the test. Predicted maximal aerobic capacity A submaximal aerobic exercise capacity test was performed using an incremental cycle ergometer test protocol 15 with simultaneous cardiopulmonary gas exchange analysis (Quark b2, Cosmed, Italy) and heart rate measurement (Polar Electro, Tampere, Finland). Participants cycled on the ergometer as per protocol until they achieved 85% of their maximum heart rate, at which point the test was stopped. Heart rate was plotted against oxygen consumption and the graph was extrapolated to calculate the predicted maximal oxygen consumption (VO2max). NMES protocol A battery-powered low frequency muscle stimulator (NT2010, BioMedical Research, Galway, Ireland) was used to elicit rapid rhythmical contractions in the large lower extremity muscle groups. Impulses were delivered through four electrodes (17 cm × 10.3 cm) placed on the anterior and posterior aspect of each thigh (Figure 1 ). The electrodes were applied to the body via custom-made neoprene wrap garments fastened to the thigh with Velcro straps. The maximum peak output pulse current was 200 milliamps (mA). The stimulation programme consisted of seven phases (phases 1-7) with parameters designed to produce both aerobic and strength training effects ( Table 1 ). The pulse width for each phase was 760 µs and participants were instructed to adjust the stimulation intensity to the maximum tolerable level during the 1-hour session. During phase 6, participants were instructed to supplement the stimulation with voluntary contractions by extending and flexing their knee joint. Participants were requested to complete six 1-hour training sessions per week after their evening meal for 8 weeks. Every 15 min during training, participants recorded the maximum stimulation intensity achieved. A weekly telephone call or email was made to all participants to ensure adherence to the programme. Participants were not required to make any dietary/lifestyle changes, nor were they requested to maintain a food diary or physical activity log during the intervention period.
Statistical analysis
The statistical software package SPSS 18.0 for Windows (SPSS, Chicago, IL, USA) was used to analyse the data collected. All data were expressed as mean±standard error. The non-parametric Wilcoxon signed rank test was used to test for differences within the group at baseline and follow-up. An α level of p≤0.05 was set for all analyses.
Results
Thirty-nine men with T2D were recruited. Following screening, 16 participants were excluded as they had a cardiovascular condition and 10 participants withdrew/dropped out during the intervention period. Therefore, 13 T2D participants (age 52.0±6.9 years, height 1.79±0.06 m, weight 104.5±11.9 kg, body mass index 32.8±4.3 kg/m 2 ) completed the study. Seven participants ORIGINAL RESEARCH were taking ACE inhibitors, eight lipid-lowering therapy, five aspirin and 12 were taking oral hypoglycaemic drugs. Participants reported no dietary, medication or activity changes during the intervention period. Participants completed a minimum of 40 NMES sessions during the intervention period, training at stimulation intensities of 80-170 mA. Table 2 summarises all measurements obtained at baseline and follow-up. Fasting plasma glucose reduced significantly (p<0.05) from baseline to follow-up. No other significant changes were observed in blood markers from baseline to followup. Significant reductions in total body weight and percentage body fat were observed following the 8-week intervention period. Non-significant changes were observed in other body composition measurements. A statistically significant reduction from baseline was measured for diastolic blood pressure at the 8-week followup. A significant increase in peak isometric quadriceps femoris torque was measured following the NMES intervention, however the observed increase in predicted VO2max following the intervention was not statistically significant.
Discussion
This study showed that an 8-week NMES exercise programme improved body composition, muscle strength and glycaemic control in T2D participants. Exercise is a vital component in the management and prevention of T2D, but many individuals with T2D face barriers to exercise participation. NMES has been suggested as an alternative to conventional exercise; however, prior to this study, there has been a lack of evidence showing the beneficial effects of a prolonged NMES exercise intervention programme in a T2D population.
Clinically significant reductions in fasting plasma glucose were noted following the 8-week intervention. The current goal for fasting plasma glucose is 3.9-7.2 mmol/L. 2 Following the intervention, the mean fasting plasma glucose level was closer to this target than at baseline. Lowering fasting plasma glucose levels is strongly associated with reductions in the risk of complications such as retinopathy, nephropathy and neuropathy. 16 However, the change in fasting plasma glucose levels after the NMES intervention are modest and fasting plasma glucose levels correlate poorly with HbA1c, which is considered the optimal method of measuring long-term glycaemic control. A small nonsignificant decrease (0.3%) was measured in HbA1c following the NMES intervention, which is unlike a previous study by the authors which demonstrated a significant improvement in HbA1c levels following an NMES intervention. 17 The dissimilar results obtained may be explained by the difference in stimulation parameters employed in the two studies. While the observed improvement in HbA1c was not statistically significant, the change may be clinically meaningful. Church and colleagues reported a 0.3% reduction in HbA1c levels following a 9-month combined aerobic and resistance training intervention, concluding that this may produce a 5-7% reduction in the risk of cardiovascular disease and a 12% reduction in the risk of microvascular complications. 18 Therefore, while the reduction observed in HbA1c in this present study was small, it may help reduce the risk of secondary complications of T2D.
A modest yet statistically significant reduction in percentage body fat was noted following the NMES training, but no significant increase was noted in lean body mass. It is likely that the aerobic training component of the NMES exercise resulted in greater calorie consumption and therefore yielded greater reductions in percentage body fat. Decreased fat mass results in increased insulin sensitivity 19 and consequently improved glycaemic control. Therefore, by improving body composition, NMES may be applied to assist glycaemic control in T2D. Increased fat oxidation will also result in lower plasma non-esterified free fatty acid (NEFA) levels in obese T2D patients, and lowering plasma NEFA can reduce insulin resistance/hyperinsulinaemia and improve glucose tolerance in obese patients with T2D. 20 It is therefore possible that the reduced plasma NEFA levels resulted in the improvements in fasting blood glucose by NMES. However, as plasma NEFA levels were not measured in this current investigation, this conclusion cannot be drawn.
The present investigation suggests that aerobic fitness can be improved in people with T2D through 8 weeks of NMES exercise, increasing by 3% from baseline to follow-up. Although modest and not statistically significant, the observed increase is likely to have beneficial health consequences. VO2max is a cardinal determinant of insulin sensitivity of skeletal muscle and in subcutaneous adipose tissue. 1 Therefore, increasing VO2max in this population may result in increased insulin sensitivity in the tissues and thus improved glycaemic control. In addition, increasing aerobic power in people with T2D is related to a less atherogenic lipid profile, which may lessen the accelerated rate of atherosclerosis and other cardiovascular mortalities in this population. 1 Increases in peak isometric quadriceps femoris torque were also demonstrated following the intervention. Combined training protocols in T2D have shown strength increases that are comparable to those found in this study. 21 The modest increases in both strength (14%) and VO2max (3%) described in this study reflect the intensity of NMES training. Higher intensity training, which is exclusively resistance or aerobic in nature, may result in greater improvements in strength and VO2max, respectively.
In this study, blood pressure, resting heart rate and lipid profile did not significantly improve following the NMES exercise intervention. This is consistent with another study which investigated the effect of an 8-week combined aerobic and resistance training programme and found no significant differences in plasma lipids and blood pressure. 21 The duration of the training intervention may not have been sufficient to exact changes in these variables. Also, a potential confounder may be the relatively good baseline blood pressure and lipid profile of those who participated.
Previous reports investigating the potential use of NMES exercise in this population have found limitations in its use due its poor tolerability. 13 The stimulation used in this investigation was, however, generally well tolerated with a good level of compliance (>83%). Compliance levels were, however, self-reported and therefore participants may have overstated the actual number of training sessions they undertook and the intensity of training.
Despite the positive findings of this investigation, there are a number of limitations to this study and some considerations for future studies which must be highlighted:
• This study was a single-group cohort intervention study with no control group for comparison. Comparing the NMES intervention group with a 'resting' control group would have allowed for more definitive conclusions about the effects of this intervention to be drawn. In addition, to determine whether NMES exercise is a suitable alternative to conventional exercise, a comparison between NMES exercise and conventional exercise should have been undertaken. In addition, to allow for comparisons with conventional exercise, future studies should examine the metabolic adaptations to NMES exercise -for example, the change in concentration of exercise regulated myokines before and after NMES exercise should be investigated.
• Diet and physical activity were not controlled for during the 8-week intervention period, therefore their positive effects cannot be excluded in the current study.
• The improvements in fasting plasma glucose levels observed in this study were from blood samples taken before and after the 8-week intervention period. It is possible that the observed change in fasting plasma glucose levels was due to an acute response to the NMES intervention rather than an accumulative training effect over the 8-week intervention period. Future NMES intervention studies should employ more frequent blood sampling in order to examine this.
• While the NMES intervention used in this study was shown to reduce body fat percentage, this study did not examine whether the lowering of total percentage body fat also resulted in improved plasma NEFA levels. Future studies examining the response to NMES in T2D patients should assess NEFA before and after the intervention.
• The study only included a small number of participants and was limited to non-insulin requiring T2D patients. Participants were relatively healthy and were not severely affected by cardiovascular disease or other diabetic complications. This may explain why some of the changes observed were modest and not statistically significant. • Only male participants were recruited as previous pilot testing demonstrated that this intervention was not well tolerated by overweight/obese female patients with T2D, therefore these results cannot be generalised to the entire T2D population.
• Improvements in glucose sensitivity and/or pancreatic betacell function are the ultimate goal in the treatment, management and reversibility of T2D. Future studies examining the response to NMES in this population should explore these parameters. In addition, the possible mechanism of NMES exercise-induced improvements in glycaemic control is currently unknown. Future NMES intervention studies with T2D patients should also use glucose tolerance testing and/or hyperglycaemic and hyperinsulinaemic/euglycaemic clamping techniques to ascertain the possible mechanism of NMESinduced improvement in glycaemic control.
Conclusions
Exercise is one of the main interventions known to help glycaemic control and prevent secondary complications in T2D. However, many individuals are unable or unwilling to exercise due to physical and mental barriers. This study suggests that NMES can be successfully used to elicit a physiological response in T2D consistent with traditional exercise. It therefore provides an attractive alternative to conventional exercise. However, a large randomised controlled trial is required to investigate this further.
